Transcranial magnetic stimulation (TMS) was employed to probe the modulatory e¡ects of transcranial direct current stimulation of motor cortex on motor evoked responses (MEPs) produced during motor imagery. MEP amplitudes at rest and during motor imagery were assessed before and for a period of 60 min after transcranial direct current stimulation (tDCS) applied over the primary motor cortex at 1mA for 5 min. Cathodal stimulation induced a decrease of about 30% of MEP amplitude at rest and a 50% reduction of MEP size during imagery. Ten minutes after tDCS, MEPs at rest returned to baseline values while MEPs during motor imagery were suppressed for up to 30 min. No changes in MEP amplitude during imagery were found after anodal stimulation. tDCS could represent a powerful tool to modulate the excitability of motor areas involved in mental practice and motor imagery. 
INTRODUCTION
Motor imagery has been defined as the mental rehearsal of a motor act without overt movement [1] . Several studies have proposed that motor imagery and actual movement share the activation of similar brain regions. fMRI studies have shown that motor imagery activates primary motor area, sensory cortex, premotor and supplementary motor areas and cerebellum [1] [2] [3] [4] [5] . This pattern of activation suggests that motor imagery recruits nearly the same set of brain structures as does overt movement [6] . For this reason, an increasing number of investigations have recently proposed to combine mental and physical practice to facilitate functional recovery [7, 8] .
The activation of the primary motor pathways during motor imagery has also been documented using transcranial magnetic stimulation (TMS) over the motor cortex. This technique has shown a facilitatory effect of imagery on cortical excitability, expressed by a decrease of motor threshold, an enhancement of motor evoked potential (MEP) size and a reduction of intracortical inhibition [9] [10] [11] .
Transcranial direct current stimulation (tDCS) has been employed as a non invasive and safe technique to modulate cortical excitability [12] [13] [14] . The tDCS induced after-effects depend on current polarity, intensity and duration [15, 16] . In general, cortical excitability is diminished by cathodal stimulation which hyperpolarizes neurons, while anodal stimulation causes an increase of excitability [14] . TMS studies showed that anodal and cathodal tDCS can induce respectively a facilitation and inhibition of MEP of about 30-40% compared to baseline [14] . It has been demonstrated that tDCS can induce such changes in cortical excitability if the stimulation lasts 4 3 min. By prolonging the tDCS time period of stimulation, the after-effects on cortical excitability increase in duration [15] , in analogy to repetitive TMS (rTMS). In the present study we aimed to evaluate if the well-known facilitatory effect on cortical excitability induced by imagery [9] [10] [11] could be furthermore modulated by tDCS. These studies may be relevant in the comprehension of the cortical mechanisms involved in the after effects of tDCS on motor areas and in order to better elucidate motor imagery physiology.
MATERIALS AND METHODS
Subjects: Twenty-one healthy right-handed subjects (nine males and 12 females, mean age 3073.9 years), were enrolled in the study, for which they gave written informed consent. The handness of each subject was evaluated by the Edinburgh Handedness Inventory [17] . All subjects resulted normal at a complete neurological examination. The study was approved by the local Ethic Committee.
Transcranial direct current stimulation protocol: A constant direct current of 1 mA intensity was applied through saline-soaked sponge electrodes (surface 35 cm 2 ). For cathodal stimulation the cathode was placed above the motor cortical representational field of the right first dorsal interosseous muscle, as revealed by TMS, and the anode above the contralateral orbita [14] . For anodal stimulation the montage was reversed [14] . Cathodal and anodal tDCS were delivered 1 week apart, through a battery-driven constant-current stimulator (DC stimulator, Rolf Schneider electronic, 37130 Gleichen, Germany), using the same stimulation protocol, for a period of 5 min. Constant current flow was monitored by a voltmeter. Sham stimulation was also applied.
TMS protocol: Focal TMS was performed with a figure-ofeight shaped coil with an outer diameter of each wing of 9 cm placed over the motor cortical representational field of the right first dorsal interosseous muscle. The coil was connected with a Magstim 200 monophasic stimulator (Magstim 200, Whitland, Dyfed, UK) and was placed tangentially to the scalp with the handle pointing backwards and laterally at a 451 angle to the sagittal plane thus generating an anterior-posterior direction of the current in the brain. The trigger frequency for the condition MEP at rest was 0.25 Hz. In the MEP imagery condition the trigger was manual. MEPs were recorded using a pair of Ag-AgCl surface electrodes placed over the right first dorsal interosseous muscle, using a belly tendon montage. Raw signals were amplified and filtered using a time constant of 3 ms and a high pass filter set a 3 kHz (Neurolog System, Digitimer Ltd., Welwyn Garden City, Herts, UK) and digitalized using a CED 1401 laboratory interface (Cambridge Electronic Design Ltd., Cambridge, UK). Data were collected on a personal computer (Signal 2.0, Cambridge Electronic Design Ltd., Cambridge, UK) and analysed off-line.
Experimental procedures: Subjects were positioned on a reclining chair with both hands pronated on a pillow.
Fifteen MEPs were recorded at rest and during motor imagery from right first dorsal interosseous muscle (baseline). Stimulus intensity was set at a stimulator output that induced MEPs between 0.5 and 1 mV in the right first dorsal interosseous muscle (obtained using a stimulator intensity of 47.3 7 5.7%). During motor imagery subjects were asked to practice the mental task of the abduction of their right index finger and high gain audio-visual EMG monitoring was used to ensure complete muscular relaxation.
MEPs at rest and during motor imagery were recorded before and 10 min (T0, T10) after the end of anodal and cathodal tDCS respectively in 7 and 21 subjects (Fig. 1) . TMS was performed at the same intensity before and after the conditioning tDCS protocol. Moreover, in different days, we tested the after effects of cathodal tDCS and sham stimulation in a subpopulation of 10 subjects by recording MEPs at rest and during motor imagery at baseline, immediately after (Tf), every 10 min in the first half hour (T1f, T2f, T3f) and then after 1 h (T6f), (Fig. 1) .
For sham tDCS, the stimulator was switched on for 5 s at the beginning of the sham session and then turned off.
Data measurements and statistical analysis: For each condition (baseline, T0, T10, T20, T30 and T60), peak-topeak amplitudes (mV) of each MEP were measured off-line and the mean MEP amplitudes were calculated (NuCursor, Sobell Dept. Of Motor Neurosciences and Movement Disorders, Institute of Neurology, University College of London, UK). Time-dependent changes of MEP after tDCS were assessed using repeated-measures analysis of variance (ANOVA). The ANOVA model included the factor imagery (MEP at rest vs MEP with imagery), time (before tDCS vs after tDCS) and stimulation (real vs sham stimulation). Conditional on a significant F value, post hoc paired-samples t-tests were performed to explore the strength of main effects and the patterns of interaction between experimental factors. po0.05 was considered significant. All data are given as mean7s.d.
RESULTS
Anodal stimulation: Repeated measures ANOVA revealed a significant main effect of imagery (F(1,6)¼51.73; po0.0004). This was caused by an increase in mean peakto-peak MEPs amplitudes induced by imagery (Fig. 2a) . For MEPs obtained at rest, a one-way repeated measures ANOVA, showed a main time effect caused by an increase in MEP size after anodal stimulation (F(2,12)¼4.39; po0.03). Anodal tDCS did not induce any variation on the amplitudes in MEPs obtained during motor imagery (Fig. 2) . There was no time effect nor a time Â imagery interaction.
Mean values of MEPs amplitude before and after anodal tDCS are plotted in Table 1 .
Cathodal stimulation: Repeated measures ANOVA revealed a significant main effect of imagery F(1,9)¼67.52; po0.00001). This was caused by the obvious increase in mean peak-to-peak MEP amplitudes induced by imagery. Moreover there was a main effect time (F(5,45)¼19.26; po0.00001). This was due to a reduction in MEP size after cathodal tDCS in both MEPs at rest and during imagery. There was a time Â imagery interaction (F(5,45)¼10.62; Fig. 1 . Experimental design. I: in the ¢rst experiment we gave anodal tDCS over M1 in seven subjects. Before, immediately after (Tf) and 10 min (T1f) after tDCS conditioning, the amplitude of motor evoked responses (MEPs) at rest (a) and during imagery (b) were determined in right ¢rst dorsal interosseus muscle. II. In the second experiment we assessed the after-e¡ects produced by cathodal tDCS on primary motor cortex looking at the same parameters evaluated in section I (21 subjects). In a subpopulation of ten subjects the after-e¡ects of cathodal tDCS were followed for 1h. III: in the third experiment we evaluated the e¡ects of sham stimulation on the amplitude of motor evoked responses (MEPs) at rest (a) and during imagery (b) recorded from right ¢rst dorsal interosseus muscle.
po0.00001) because tDCS cathodal stimulation induced a greater and longer lasting effect in MEP with imagery than in MEP at rest.
Post-hoc t-tests revealed, in both conditions, a decrease in MEP size after cathodal stimulation, but the reduction was longer lasting in MEP with imagery (Fig. 2b,c) . In MEP at rest, the tDCS cathodal stimulation led to a significant decrease in mean MEP amplitude in right first dorsal interosseous muscle at T0 compared to baseline (T (1,19)¼7.8; p¼0.000001). After 10 min (T10), the MEP returned to baseline values (T(1,19)¼0.37 p¼0.7; Fig. 2b ). During MEP with imagery the DC cathodal stimulation produced also a significant decrease in MEP size in right first dorsal interosseous muscle compared to baseline at T0 (T(1,19)¼8.1; p¼0.0000001), T10 (T(1,19)¼5.8; p¼0.00001), T20 (T(1,9)¼4.1; p¼0.0026), T30 (T(1,9)¼2.9; p¼0.01). A complete recovery of MEP amplitude was observed at T60 (T(1,9)¼-0.5; p¼0.57; Fig. 2c ). A separate ANOVA repeated measure analysis showed a time by type of stimulation (real or sham) interaction which was caused by a specific effect of cathodal stimulation on the MEP obtained during imagery (F(5,45)¼13.03; p¼0.00001; Fig. 2d) . Mean values of MEPs amplitude before and after cathodal tDCS are plotted in Table 1 .
DISCUSSION
We confirmed that 5 min of weak tDCS can induce a short lasting significant variation of cortical excitability in humans [14] [15] [16] . In particular, anodal tDCS to the primary motor cortex resulted in an increase of cortical excitability whereas cathodal tDCS had an opposite effect. Based on animal data published in the 1960s [18, 19] and on neuropharmacological studies in humans it has been proposed that the primary mechanisms of action of tDCS was a polarity-specific shift of resting membrane potentials [16] .
The main finding of the present study was that tDCS can also induce lasting effects on cortical excitability during motor imagery. Here we have shown that the MEP size reduction induced by cathodal stimulation is more persistent during motor imagery lasting up to 30 min. The reduction of MEP during imagery found in the present study could have been related to the reduction of MEP size itself produced by cathodal tDCS in absence of any imagination. However a significant suppression of MEP size during imagery persisted for up to 30 min after cathodal tDCS whereas the MEP sizes at rest returned toward baseline values after 10 min.
fMRI studies provide some evidences that cathodal tDCS reduces cortical activation mainly in the interconnected areas, but not in the stimulated primary motor cortex itself, whereas anodal stimulation tends to increase activation in the same areas, even if insignificantly [20] . Thus the reduction of cortical activity after cathodal tDCS does not seem to involve, at least from the beginning, the primary motor area and cortico-spinal tracts, but affects other brain regions including premotor areas, SMA, and ipsilateral motor cortex. It is conceivable that cathodal tDCS may effectively reduce excitatory tonic inputs from remote areas via cortico-cortical connections, but is unable to influence directly the excitability of primary sensori-motor area. Motor imagery relates to movement planning and preparation and rely on the activation of motor areas anterior to primary motor cortex. Using the same stimulation paradigm employed in our study (cathodal-anodal tDCS, 1 mA, 5 min on M1), Baudewig et al. showed that regional modulation of fMRI responses to human sensorimotor activation after cathodal tDCS lasted for 20 min [20] . These data fit very well with the time course of the effects produced by cathodal tDCS on MEP during imagery found in the present study.
In contrast, no significant changes of MEP size during motor imagery were found after anodal tDCS of the motor cortex. This may be because motor imagery itself induces an increase of cortical excitability, and therefore any further upregulation cannot be achieved (ceiling effect). Similarly, fMRI responses to human sensorimotor activation cannot be modulated by anodal tDCS [20] .
The strong suppressing effect of cathodal tDCS on MEP imagery suggests a predominant action of tDCS on motor areas located anterior to M1. Motor imagery is involved in movement planning and preparation and may be used as a tool in a learning context to enhance motor performances after brain injuries [7, 21, 22] . Anodal stimulation of the primary motor cortex itself resulted in increased performance [23] . Even though in the present study anodal stimulation was unable to induce a facilitation of MEP size during motor imagery, it could be easier to show an effect on motor learning in neurological patients. For instance anodal tDCS might be used to reinforce the acquisition and the early consolidation phase of motor learning in stroke patients. On the other hand cathodal stimulation might down-regulate cortical excitability when excess neuronal activation is present. Thus cathodal stimulation might be useful for improving manual tasks in conditions such as overuse syndromes and dystonia which are charactherized by an abnormal increase in neuronal firing and an abnormal motor learning [24] .
Future studies should be planned to evaluate systematically the possibility of modulating cortical plasticity in learning processes using tDCS.
